• DJ1 is a recessive gene involved in early onset PD.
Introduction
Parkinson's disease (PD) is a common neurodegenerative disorder with a prevalence of ∼2% in persons >65 years old [17] . Mean age at onset is 60 years, but about 5% of patients have an Early Onset PD (EOPD) before 40 years [18] . Although the etiology of PD has not been fully elucidated yet, it is generally considered the result of the interaction between genetic and environmental factors [23] . Several genes involved in familial PD have been identified. In particular, three genes -Parkin (PRKN), DJ1 (locus PARK7), and PINK1 (locus PARK6) -are involved in autosomal recessive Parkinson's disease [7] . In these cases, age at onset tends to be earlier, typically before 40 years.
PARK-7 locus was identified by van Duijn and colleagues [31] , in a family-based linkage analysis that led to the identification of two families with mutations in the DJ1 gene [3] . The former was a Dutch family with a large homozygous deletion of exons 1-5. The latter family of Italian origin harbored a homozygous missense mutation, the p.Leu166Pro, in a highly conserved coding position of the protein.
The DJ1 gene encodes a ubiquitous, highly conserved small protein of 189 amino acids, expressed in the brain areas and extracerebral tissues [2] . The gene maps to chromosome 1p36. 23 and comprises nine exons, the first two (1A and 1B) being alternatively spliced and non-coding. Crystal structure and biochemical data show that DJ1 protein is biological active as a dimer, but its role in PD pathogenesis is still unclear [33] . In model systems, DJ1 protects dopaminergic neurons against various insults, including rotenone, mutant ␣-synuclein, hydrogen peroxide, and 6-hydroxydopamine [18, 19] . Moreover, recent studies indicate DJ1 as a multifunctional protein involved not only in oxidative cellular stress response, maintaining normal mitochondrial function, but also in modulator of transcriptional activity and regulation of RNA stability [21, 32] .
Since the identification of the DJ1 gene, molecular analyses in PD patients identified homozygous and compound heterozygous nucleotide substitutions, including missense, truncating, splicesite mutations, and large deletions [1, 6, [11] [12] [13] 20, 21] .
Few studies searched DJ1 mutations in Italian population including a relatively low number of early onset PD patients [16, 28] . In this context, the aim of our study was to determine the frequency of DJ1 mutations in a large consecutive series of EOPD patients enrolled in a single Italian clinical referral centre.
Methods

Subjects
We studied 263 subjects, of which 163 were affected by PD and 100 were healthy controls. The population consisted of unrelated consecutive patients with EOPD (onset ≤40 years of age), who contributed to the Parkinson Institute Biobank of Milan-Italy (http://www.parkinsonbiobank.com/). The clinical diagnosis of PD was established according to the UK Parkinson's Disease Society Brain Bank Criteria which require the presence of bradykinesia, the absence of atypical features or other causes of parkinsonism, and at least 1 of the following signs: resting tremor, rigidity and postural instability, and a positive response to dopaminergic therapy [14, 15] . Neurological examination was performed by neurologists with experience in movement disorders.
Among the 163 EOPD patients, 99 were male (61%), the mean age at onset was 35.4 ± 4.8 years (range 14-40) and the mean disease duration was 19.3 ± 9 years (range 5-36). We considered as age at onset, the age at which the patient noticed the first PD symptom. Forty-three were familial cases (with at least one 1st or 2nd degree relative with a formal diagnosis of PD), while the remaining patients were sporadic. Our cohort of 163 EOPD was also screened for PRKN gene mutations [25] and for the presence of the p.G2019S LRRK2 mutation [9] . The mutation carriers of these 2 genes (11 subjects with 2 mutations in the PRKN gene, 4 with one mutation in the PRKN gene, 4 subjects with the p.G2019S mutation in the LRRK2 gene) were not excluded from this study.
The control group was composed by individuals free from any neurodegenerative disorder, with no family history of PD (usually patients' partners or caregivers). The mean age of control subjects at the time of blood collection was 64 ± 7.2 years. All patients and controls were Caucasians and of Italian origin with the exception of 8 affected individuals from 7 different Countries: Argentina (2), Albania, Colombia, France, Ireland, Sri Lanka and Spain. In addition, 50 South European healthy subjects were tested for a specific variant identified in a non-Italian patient.
The project was approved by the local Ethics Committee. Each participant signed an informed consent prior to participate to the study.
Genomic DNA analysis
Genomic DNA from PD patients and control subjects was isolated from peripheral blood using a semiautomatic extractor (QuickGeneDNA Whole Blood Kit; FUJIFILM Europe GmbH Life Science, Düsseldorf). To sequence DJ1 coding region the seven exons and intron-exon boundaries were amplified by PCR (primers sequences and PCR conditions available upon request).
To sequence the genomic region upstream exon 2, a genomic fragment of 1407 bp spanning exon 1, intron 1 and exon 2, was amplified using TaKaRa LA Taq polymerase with GC buffer II (Takara Biomedicals).
PCR products were purified using ExoSAP-IT and directly sequenced using Big Dye Terminator Kit (version 3.1, Applied Biosystems), loaded on an ABI3100 automatic sequencer and analyzed with SeqScape software (Applied Biosystems).
In order to detect the presence of exon rearrangements, patients carriers of mutations were also analyzed using the MLPA (Multiplex Ligation-dependent Probe Amplification) assay Kit "SALSA P051" (MRC-Holland, Amsterdam, Netherlandshttp://www.mrc-holland.com). MLPA was performed according to manufacturer instructions. All samples were tested in duplicate.
The MLPA fragments were analyzed on an ABI Prism 3130 XL automatic sequencer (PE Applied Biosystems) with the Genescan software using 500 ROX size standards (PE Applied Biosystems). The individual peak corresponding to each exon was identified based on the difference in migration relative to the size standards. The peak area of each fragment was compared to that of 3 control samples. Raw data were analyzed using Coffalyser software v.9.
cDNA analysis
RNA was isolated from peripheral blood using RNA-Beads protocols. RT-PCR was performed using iScript TM cDNA Synthesis Kit (Bio Rad) and 4 g of each RNA sample.
A 770 bp fragment of the DJ1 cDNA spanning exons 1a-7, but lacking ex1b, was amplified from the RT-PCR material (Taq polymerase Invitrogen) and the following primers: forward 5 -gcgtgctggcgtgcgttc-3 , and reverse 5 -tgacttccatacttccgcaaa-3 .
The PCR products were loaded on a 2% Agarose gel. After separation, the fragments were isolated and purified using Illustra GFX TM PCR DNA and Gel Band Purification Kit (GE Healthcare). Fragments were directly sequenced as previously described. The consequences of the variants identified were predicted at the protein level according to the DJ1 mRNA sequence (accession number NM 007262.3).
Bioinformatic analysis
To obtain sequences of DJ1 homologues, we performed a BLASTP search against the Swiss-Prot + TrEMBL complete proteome database. The multiple amino acid sequence alignment was performed using the T-COFFIE program, which was manually edited with GeneDoc version 2.6 [8] .
The DJ1 structural model was generated by using the Molscript software on the basis of the crystal structure of the human DJ1 protein (Protein Data Bank code 1PS4).
Scores for enhancer/silencer sequence binding sites were predicted by ESE finder 2.0 software http://rulai.cshl.edu/tools/ ESE/index.html [4] .
Amino acid substitutions were predicted by PolyPhen-2 (http:// genetics.bwh.harvard.edu/pph2/) and SIFT [22] .
Results
The DJ1 gene was fully analyzed in 163 EOPD patients and 100 healthy controls. We found no homozygous or compound heterozygous mutations with an obvious pathogenic effect. A total of twenty-nine variants were identified, 10 of which were novels. All variants had similar frequency in patients and controls (Table 1) .
Subjects carried only one variant, with the exception of one patient (PD212) who carried six known polymorphisms: c.323-14A->G (rs72854882); c.323-48A>G (rs72854880); c. including the two located in the 5 UTR (c.-70C>T and c.-22C>T), have no functional effects. Two novel substitutions, the p.Asp24Ala and the p.Phe162Leu, were identified in two patients both in heterozygous state ( Table 1) .
The substitution p.Asp24Ala (c.71A>C) in exon 2 has been found in a sporadic case of Italian origin (PD1219) and is predicted to replace a highly conserved Aspartic acid with Alanine in amino acid position 24 (Fig. 1) . The complete sequence and quantitative analysis of DJ1 coding region did not reveal a second mutation. In order to exclude intronic changes that might unbalance the formation of the two mRNA isoforms, we sequenced the genomic region upstream exon 2 (1407 bp encompassing exon 1 and intron 1) in the p.Asp24Ala carrier. No new variants were detected.
The second newly identified variant is a nucleotide substitution in exon 7, the c.486C>A, leading to a missense mutation in the coding region, the p.Phe162Leu. This change was found in a PD subject resulted previously positive at the PRKN gene analysis: she was carrier of the well-known mutation p.Cys253Tyr in homozygous state. She was not of Italian origin and developed the first signs of PD (resting tremor at the right arm) when she was 20. She slowly developed bradykinesia and rigidity. Diagnosis of PD was confirmed by Dopamine transporter SPECT imaging (FP-CIT) and by good response to levodopa treatment. Similarly, one sister developed PD at 20 years of age: she resulted homozygous for the p.Cys253Tyr PRKN mutation, but was non-carrier of the p.Phe162Leu DJ1 gene variant.
Amino acid Phe162 is well conserved at phylogenic level (Fig. 1 ). Although this missense variant occurs in a highly conserved region of the protein, the amino acid change is conservative and the mutation is predicted to be benign by PolyPhen-2 (1.06 of scoresensitivity 0.92, specificity 0.59) and by SIFT prediction WEB tools for amino acid substitutions (score of 0.07). This mutation was not observed in 150 healthy controls (100 Italian and 50 from the same South European country of the patient) excluding the chance to be a common polymorphism.
DJ1 quantitative analysis (MLPA) analysis did not detect any exon rearrangements in these two patients.
To investigate the presence of a second mutation that might be lost in the screening at DNA level, missense mutations cDNA analysis was performed in both cases. cDNA analysis (from RNA patient's leukocytes and from three control subjects) revealed two cDNA fragments: one of the expected size (770 base pairs) spanning the seven exons of DJ-1 gene, and one smaller band of 657 bp. The sequencing of the larger cDNA fragment confirmed the heterozygosity identified by genomic sequencing. Sequencing of the smaller band showed an mRNA isoform missing the entire exon 2, that contains the protein start codon. For this reason, and also because no other ORFs are predicted within the remaining coding sequence, it is likely that the smaller mRNA is untranslated. It seems that this transcript physiologically exists in the leukocytes, although at very low levels, since it is present in healthy subjects as well as in affected patients. Interestingly, the ratio between these two isoforms (larger vs. smaller) is much lower in the patient carrying the p.Asp24Ala substitutions that in controls (Fig. 2) . This experiment was replicated three times starting from three different RT-PCR products obtaining similar results. In order to exclude intronic changes that might unbalance the formation of the two mRNA isoforms we also sequenced the genomic region upstream exon 2 (1407 bp encompassing exon 1 and intron 1) in the p.Asp24Ala carrier. No new variants were detected.
Discussion
We analyzed 163 EOPD patients with onset before 40 years of age and none was homozygous or compound heterozygous of variants with either a known or a predictable pathological effect on the protein. These findings reveal that DJ1 mutations are very rare in Italian EOPD patients.
Data on DJ1 mutations frequency are limited. Several studies in PD show a very low rate of mutations on the DJ1 gene, ranging from 0% [20, 24, 30 ] to 2% [6, 10, 27] . These studies were mostly carried out using a multiethnic population and results were difficult to compare one another. Sleiman and colleagues screened 190 PD subjects from UK and found 2 positive cases: p.Met26Ile in homozygous state in an Ashkenazi Jewish patient and p.Asp149Ala in heterozygous state in an Afro-Caribbean patient [27] . Clark and colleagues screened 89 EOPD patients of different ethnic background [6] and found the p.Ala104Thr mutation in heterozygous state in an Asian patient and a rare silent variant (the p.Ala167Ala) in an African control. The estimated rate of mutant alleles by these authors is approximately 1%. Pankratz and colleagues screened 93 PD patients from 63 families (95% Caucasian and 5% Hispanic) finding two silent substitutions: c.480C>A (p.Thr160Thr) and c.501A>G (p.Ala167Ala) [24] . Guo and colleagues screened 29 highly selected Chinese families with Autosomal Recessive PD and found one heterozygous subject carrying the p.Leu10Pro mutation [10] . In the Italian population, two studies on relatively small group of patients failed to identify exonic variants working in a clear recessive manner [16, 28] . Klein and colleagues did not find any DJ1 mutation in 65 PD patients with onset before 50 years of age [16] . Tarantino and colleagues tested 40 PD patients with onset before 45 years of age and found a single patient carrying two de novo heterozygous nucleotidic substitutions, both located in noncoding regions [28] . We found the same variants in one PD patients as well as in healthy controls (see Table 1 ). For these and other reasons previously reported [26] , we considered these two variants as polymorphisms.
In this study, we have identified two novel missense variants at heterozygous state: the p.Asp24Ale and the p.Phe162Leu. Given that DJ1 works as a dimer, it has been suggested that some mutations may alter the quaternary structure of the protein with a dominant-negative effect against wild-type DJ1. However, the two cases identified did not support this hypothesis. Indeed, neither of our patients had a family history suggestive of dominant inheritance pattern. The patient carrying the p.Asp24Ala mutation did not report any relative with movement disorders, consistent with the diagnosis of PD. While the patient carrier of the p.Phe162Leu mutation had a sister affected by PD not carrying the DJ1 mutation, both sisters were carriers of a PRKN mutation in homozygous state. There were no relevant differences in the clinical course of the two sisters and there were no other PD cases in the family. This suggests that the p.Phe162Leu variant was not the cause of PD in this family. It is also possible that the effect of PRKN mutation was stronger than DJ1 mutation to produce the PD phenotype. The absence of a combined effect between the two genes confirms the skepticism of Thomas and colleagues [29] about the existence of a functional ubiquitin E3 ligase complex (PPD complex) comprising PRKN, PINK1 and DJ1 proteins [34] .
However, we cannot exclude that p.Phe162Leu and p.Asp24Ala variants may cause PD when present in homozygous or compound heterozygous state with other mutations.
On the other hand, it might be speculated that p.Phe162Leu and p.Asp24Ala variants are real dominant mutations with a possible restoring mechanism, as already demonstrated for the p.Leu166Pro mutation [5] . The use of computational techniques to simulate molecular dynamics and protein-protein interactions should help to elucidate this hypothesis.
We analyzed the messenger RNA in our heterozygous patients to search for a second mutation at DNA level, but did not find it. In both cases, the sequence of the complete cDNA fragment confirmed the heterozygosity for the previous identified variants.
It is worth noting that in one patient (PD212) we have identified six different variants, which individually have no significant effect on the protein. However, most of these variants are novel and have not been identified so far either in controls or in other patients. In this patient, mRNA analysis was not possible and thus we cannot exclude an overall effect of these variants as the cause of PD, in particular by acting on either gene expression or mRNA stability.
In our analysis, we also found several known and novel variants both in cases and controls. These variants had a similar frequency in the two populations. This suggests to exclude these variants as risk factors for PD, although a larger number of cases and controls need to be studied to fully evaluate their pathogenic effect.
We conclude that DJ1 PD causing mutations are very rare in Italian population. Other genes and risk factors for PD are still to be identified.
